Estrogenic compounds such as bisphenol A (BPA) leach from plastics into food and beverage containers. Increased BPA exposure has been correlated with increased cardiovascular disease. To test the hypothesis that increased BPA exposure reduces cardiovascular remodeling, we chronically exposed C57bl/6n male mice to BPA and performed a myocardial infarction (MI). We measured cardiac function, as well as myeloid and cardiac fibroblast accumulation and activity. We found increased early death as well as increased cardiac dilation and reduced cardiac function in surviving BPA-exposed mice. Matrix metalloproteinase-2 (MMP2) protein and activity were increased 1.5-fold in BPA-exposed heart. BPA-exposed mice had similar neutrophil infiltration; however, monocyte and macrophage (MU) infiltration into the ischemic area was 5-fold greater than VEH mice potentially due to a 2-fold increase in monocyte chemoattractant protein-1. Monocyte and MU exposure to BPA in vitro in primary bone marrow cultures or in isolated peritoneal MU increased polarization to an activated MU, increased MMP2 and MMP9 expression 2-fold and activity 3-fold, and increased uptake of microspheres 3-fold. Cardiac fibroblasts (CF) differentiate to a-smooth muscle actin (aSMA) expressing myofibroblasts, migrate to the ischemic area and secrete collagen to strengthen the scar. Collagen and aSMA expression were reduced 50% in BPA-exposed hearts. Chronic in vivo or continuous in vitro BPA exposure ablated transforming growth factor beta-mediated differentiation of CF, reduced aSMA expression 50% and reduced migration 40% yet increased secreted MMP2 activity 2-fold. We conclude that chronic BPA exposure reduces the ability to successfully remodel after an MI by increasing MU-based inflammation and reducing myofibroblast repair function.
baby bottles, exposure to BPA in the rest of the population continues (Geens et al., 2012) . BPA is found in the amniotic fluid, urine and blood of human fetuses, and in people of all ages suggesting that BPA exposure begins in early life and continues lifelong (Birnbaum, 2013) . For humans, although a Tolerable Daily Intake for BPA of 50 mg/kg/day was proposed (Birnbaum, 2013) , a reduction in the Tolerable Daily Intake limit to 5 mg/kg/day was recently suggested by the European Food Science Authority.
As reviewed recently, most epidemiological analyses and rodent studies investigating BPA exposure and cardiovascular diagnoses support the idea that increased exposure to BPA may worsen cardiovascular disease morbidity and mortality (Gao and Wang, 2014; . In a prospective study with a >10 year follow-up period, patients with the greatest BPA exposure at the earlier time point had significantly more coronary artery disease hospitalizations and/or death at follow-up. Similarly, higher urinary BPA was also reported in patients with the most severe coronary artery disease at the time of angioplasty. Other epidemiological studies found an association between high BPA exposure and worse heart disease, including myocardial infarction (MI). The statistical models, appropriateness of cross-sectional data designs, and limitations in any association of exposures to diseases with long latencies have been criticized. However, in support of the epidemiological analyses, experimental studies using rodent and rabbit models showed that exposure to BPA in adulthood increased atherosclerosis (Fang et al., 2014; . Furthermore, arrhythmia is a life-threatening complication that can arise after an MI. Rodent experimental data showed that acute BPA exposures promoted arrhythmia in isolated heart preparations (Gao and Wang, 2014; .
MI is a catastrophic event that triggers a host of molecular and cellular responses. Wall rupture, loss of adequate left ventricle (LV) function, or arrhythmia can be adverse outcomes after an MI (Myerburg and Junttila, 2012) . Soon after the coronary artery is blocked, oxygen-deprived cardiomyocytes and other cells die releasing chemokines that initiate the migration of inflammatory cells into the infarct area (Yan et al., 2013) . This early inflammatory phase is characterized by neutrophil infiltration closely followed by macrophage (MU) infiltration (Yan et al., 2013) . The MU phagocytose extracellular matrix (ECM) debris, release growth factors such as transforming growth factor beta (TGFb) and remove dead cells, thereby reducing inflammation (Frantz and Nahrendorf, 2014) . Nonimmune cells also contribute to healing post-MI. Myofibroblasts (MF) are not detectable in a normal heart, but differentiate from resident cardiac fibroblasts (CF) after cardiac injury (Leask, 2010) . MF are the predominant source of the collagens needed to form the scar and express contractile proteins, such as a-smooth muscle actin (aSMA), allowing some contractile support post-MI. Adequate TGFb-stimulated conversion of CF to MF is essential for timely and successful scar formation post-MI. Tight control of the inflammatory and repair pathways are required to prevent an overactive inflammatory response that would exacerbate the injury and limit successful remodeling.
No study has directly tested how chronic exposure to BPA might impact remodeling post-MI. Accordingly, we chronically exposed mice to oral BPA beginning in midgestation and then performed an experimental MI on the adult progeny. We hypothesized that BPA would reduce successful cardiac remodeling and repair post-MI. We tested the idea that BPA exposure would increase MU infiltration and/or activities, and reduce MF function to reduce repair post-MI. Surprisingly, we found that mice chronically exposed to BPA have significantly reduced survival early after an MI and those that do survive present with greater inflammation, greater cardiac dilation, and worse remodeling than control mice. These data suggest that chronic exposure to BPA reduces the initiation of successful remodeling post-MI.
MATERIALS AND METHODS
Materials. BPA (>99% pure, 2396558, CAS 80-05-7) was purchased from Sigma-Aldrich (Oakville, Ontario, Canada). TGFb peptide was purchased from Peprotech (Rocky Hill, New Jersey). TGFb kinase inhibitor Ly363947 was purchased from Santa Cruz Biochemicals Inc. (Santa Cruz, California). 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP, cat. 1991) and 4-[2-Phenyl-5,7-bis(trifluoromethyl) pyrazolo [1,5-a] pyrimidin-3-yl]phenol (PHTPP, cat. 2662) were purchased from Tocris Biosciences (Minneapolis, Minnesota). Antibodies specific for aSMA, matrix metalloproteinase-2 (MMP2), collagen I (ColI), SMAD2/3, tissue inhibitor of metalloproteinase-1 (TIMP1), F4/80, monocyte chemoattractant-1 (MCP-1) were purchased from Santa Cruz Biotechnology, Inc.. Antibodies specific for Ly6Gand MOMA were purchased from InVitrogen.
Animal manipulation. The animal use protocol was reviewed by the Lady Davis Institute Animal Care Committee and animal experiments were performed according to the guidelines of the Canadian Council on Animal Care. C57bl/6n mice (Charles River, St. Constant, Quebec, Canada) were mated and the day of vaginal plug detection designated gestation day 0.5. All mice were fed a Harlan Teklad Global 2018 diet and housed in polycarbonate cages with 1/4 00 corn cob bedding and had a 12-h dark/light schedule. BPA was dissolved in ethanol and added to a final concentration of 25 ng BPA/ml to sterile-filtered glass-bottled drinking water. Dams were treated with BPA containing drinking water beginning on gestation day 11.5 and the progeny continued on this treatment until euthanasia. Vehicle (VEH)-treated dams and progeny were exposed to an equivalent volume of ethanol (final concentration 0.1%) in their drinking water. Cardiac surgery was performed by the Surgery Core of the Lady Davis Institute. The surgeon was blinded to the type of exposure. Between 3 and 4 months of age, male progeny were anesthetized with isoflurane and intubated. Once stable, the chest was opened and the heart visualized. A 7-0 silk suture was used to completely ligate the left anterior descending coronary artery $2 mm distal to the left atrial appendage. A consequent paling of the apical heart verified occlusion. The chest was then closed and the mouse placed in a warming incubator to recover. Slow release buprenorphine was injected at the beginning of surgery and for the next 2 days of recovery. Using a similar surgery, it has been estimated that this ligation places $38% of the LV at risk for infarction (Thibault et al., 2007) .
Echocardiography of isoflurane anesthetized mice was performed on day 3 postsurgery using a VEVO 770 sonograph (VisualSonics, Toronto, Ontario, Canada). Images were acquired and analyzed as described previously (Patel et al., 2013) . EKVgated acquisitions of long axis B-mode views were collected. VisualSonic's proprietary software was used to quantify stroke volume, cardiac output, fractional area contracting, ejection fraction, LV area, and volume. Stroke volume is the difference between the LV volume in diastole and the LV volume in systole. Cardiac output is stroke volume multiplied by the heart rate. Fractional area contracting is calculated as (LV area in diastole minus the LV area in systole) divided by the LV area in diastole. LV volume in diastole is calculated using the formula ((7.0/(2.4 Â LV internal diameter in diastole)) multiplied by the LV internal diameter in diastole cubed). LV volume in systole is calculated using the same formula as for the volume in diastole except that the LV internal diameter in systole is used. Ejection fraction is the LV volume in systole divided by the LV volume in diastole.
Body weight, body length as well as heart, lung, and spleen wet weights were measured at euthanasia immediately after echocardiography.
Histology and Immunofluorescence. Hearts were sliced at the midpoint of the ischemic area transversely or coronally. Portions were fixed in buffered formalin and either embedded in paraffin or frozen in Tissue-Tek, O.C.T compound (Sakura Finetek, Torrance, California) media at À80 C. The ischemic area was isolated and frozen at À80 C. Spleens were cut transversely.
Half of the spleen was fixed in formalin and paraffin embedded. Splenocytes were isolated from the other portion and frozen in 7% DMSO/FBS at À80 C prior to flow cytometric analyses.
Heart and spleen sections, 5 mm, were stained with Hematoxylin and Eosin (H&E). Heart sections were stained with Picrosirius Red (Polysciences, Warrington, Pennsylvania) according to the manufacturer's instruction. Sections were viewed using a Leica DM2000 microscope and photographed using Infinity Capture v4.6 software (Lumenera Corp., Ottawa, Ontario, Canada).
For IF of paraffin sections using F480 and aSMA antibodies, the sections were de-paraffinized and then underwent antigen retrieval using 10 mM citrate buffer pH 6.0, at 90 C for 20 min followed by washing with PBS. For IF of frozen sections using MOMA and Ly6G antibodies, formaldehyde-fixed hearts were cryoprotected in 15% sucrose followed by 30% sucrose, embedded in Tissue-Tek, O.C.T compound and 6 mm slices collected using a cryotome. Slides were placed in a humid chamber and incubated with 0.25% Triton-X-100 for 10 min. After washing with PBS, sections were blocked, incubated with a 1:50 dilution of primary antibody for 1 h and then incubated with a 1:100 dilution of ALEXA-labeled secondary antibody for 1 h. The slides were mounted in Prolong Gold Anti-fade reagent containing DAPI (Molecular Probes, Grand Island, New York). Photographs were obtained as described above.
Protein expression analysis. The ischemic area of the LV, n ¼ 7-10 mice/treatment was homogenized in RIPA buffer [1% NP-40, 50 mM Tris (pH 7.4), 0.5 % deoxycholate, 159 mM NaCl, 0.1% SDS, 10 mM sodium metabisulfite, 1 mM sodium vanadate, proteinase inhibitor cocktail, PhosSTOP (Roche, Indianapolis, Indiana), and 1 mM PMSF]. Homogenates were kept on ice for 2 h then clarified by centrifugation in the cold. Protein was measured using the Bradford Protein Determination Assay (BioRad, Hercules, California) against a standard curve prepared using bovine serum albumin as per the manufacturer's instructions. Protein expression was measured using a standard immunoblotting method. In brief, proteins, (10-20 mg), were separated using SDS-PAGE, electrophoretically transferred to Immobilon P membrane (Millipore, Bedford, Massachusetts) and the membranes stained with Ponceau S (Sigma-Aldrich, St Louis, Missouri). Membranes were blocked and then incubated overnight in the cold with specific antisera. The membranes were then washed and incubated with species-specific secondary antibodies complexed to horseradish peroxidase and the interaction revealed using chemiluminescent detection kits (Pierce Chemical Co., Rockford, Illinois). Several exposures from each membrane were collected onto X-ray film. After immunoblotting, membranes were washed, permanently stained with Coomassie Brilliant Blue, destained, and scanned.
In gel zymography. Protein homogenates of the ischemic area, n ¼ 6/treatment were solubilized in nondenaturing buffer and separated by electrophoresis through SDS/10% acrylamide gels containing 500 mg/ml gelatin in the separating gel. After electrophoreses, the gel was incubated with 3 changes of 2.5% Triton-X-100, incubated at 37 C in buffer containing 50 mM Tris, pH7.5, 50 mM CaCl 2, and 5 mM ZnCl 2 overnight, stained with Coomassie Brilliant Blue, destained, and photographed using a Chemi-Doc (BioRad). The gel was scanned and the area of clear staining indicating gelatin digestion quantified using NIH Image J software. The clear stained area from control-treated cells was designated as 100% digestion.
Peritoneal MU isolation and fluorescent bead uptake. Peritoneal MU were isolated from VEH or BPA-exposed mice, n ¼ 3/treatment. In brief, mice were injected with 0.5 ml of a 2% solution of sterile BioGel P (BioRad) in PBS. After 4 days, the mice were euthanized and the peritoneum flushed with cold PBS. The cells were collected by centrifugation and cultured on glass cover slips in RPMI, 10% FBS and antibiotics. After 24 h, the media was removed and replaced with the same media containing BPA or DMSO. The next day the media was removed and replaced with serum-free RPMI containing FluoSpheres R sulfate microspheres (Life Technologies Inc., Grand Island, New YorkA) at $10 8 beads/ ml media for 30 min at 37 C. The cover slips were washed, fixed with 4% formaldehyde, and mounted using Prolong Antifade with DAPI. Photographs were obtained as described above. The percentage of cells containing fluorescent microspheres was counted in 6 random fields/treatment.
Isolation of bone-marrow derived monocytes and their differentiation in vitro. Bone marrow from the femurs and tibias of VEH mice, n ¼ 24, was flushed with RPMI media containing antibiotics. Bone marrow cells were collected by centrifugation and resuspended in RPMI containing 10% FBS. After 2 h of culture, nonadherent cells were removed, the adherent cells washed, and media containing MU colony stimulating factor (M-CSF, 50 ng/ ml media) added to induce monocyte differentiation. Subsequently, the media was changed and interferon gamma (IFNc, 50 ng/ml media) added to induce differentiation to the M1 MU phenotype along with BPA or DMSO. Twenty-four hours post-IFNc addition, media were collected for in gel zymography and RNA isolated from cell pellets using RNA Easy Plus Mini Kit (Qiagen) for Q-PCR quantification of the M1 MØ polarization markers iNOS and COX2, and MMP9 expression. RNA was quantitated on a spectrophotometer (NanoDrop ND-1000, ThermoScientific, Wilmington, Delaware). cDNA was prepared from using SSII-RT (InVitrogen) and random primers according to the instructions from the manufacturer. Quantitative real-time PCR was performed using a 7500 Fact PCR machine (Applied Biosystems) and Taqman probe sets for Cox2 (Mm00478374_m1) and iNOS (Mm00440485_m1). Results of iNOS and COX2 expression were analyzed using the DDC t method relative to the expression of ribosomal phosphoprotein P0 housekeeping gene (36B4, NM_007475) using sense 5 0 -GGCACCGAGGCAACAGTT-3 0 and antisense 5 0 -TCATCCAGCA GGTGTTTGACA-3 0 primers. Cardiac fibroblast isolation, treatment, and analyses. Hearts from male mice were excised and rinsed in phosphate buffered saline. They were minced in DMEM containing antibiotics then incubated for 2 h at 37 C in collagenase 2 (Worthington, 100 units/ml media). The cells were centrifuged at 1500 rpm, resuspended in DMEM containing antibiotics and 10% fetal bovine serum, and plated in 75 cm 2 flasks. CFs were trypsinized once and transferred to either 6-well or 24-well dishes. TGFb peptide was dissolved according to the manufacturer's instructions and aliquots frozen at À20 C. BPA was dissolved in DMSO. Cells were plated in 6-well dishes for immunoblotting or 24-well dishes containing a sterilized glass cover slip for IF or without a cover slip for migration studies. When $70% confluent, the media was removed and replaced with phenol-red free DMEM and 1% charcoal-stripped fetal bovine serum (SigmaAldrich, Oakville, Ontario). Control (CTL, DMSO), BPA, TGFb, and/or inhibitors were added to the media at the indicated concentrations and the cells cultured for an additional 24 h. Media was collected for in gel zymography. Cells were lysed in SDS-solubilization buffer for immunoblotting. For IF, cells were cultured on glass cover slips and then treated with BPA and/or other chemicals for 24 h. Cells were fixed in 4% paraformaldehyde for 15 min and detergent treated as above or fixed in methanol at À20 C for 20 min. Blocking was performed and the cover slips incubated with 1:100 to 1:400 dilutions of specific antibodies for 1 h, followed by incubation with a 1:400 dilution of ALEXA-complexed secondary antibodies for 1 h. Cover slips were mounted and photographs obtained as described above.
To measure migration, cells were cultured on 24 well dishes until $70% confluent and then a scratch was made on the monolayer. The cells were washed and the media replaced with DMEM containing 10% charcoal stripped serum and test chemicals in triplicate. The plate was cultured for 24 h, the monolayer washed in PBS, the cells fixed with 10% trichloroacetic acid/0.9% NaCl, and the plate dried. To visualize the monolayer, the cells were stained with 0.4% sulphorhodamine B/1% acetic acid for 30 min, the solution removed and the monolayer dried. Photographs were taken as described above. The cell-free area was outlined using NIH Image J software. The migration of control-treated cells was designated as 100% migration.
Statistical
analyses. Normality was verified by the Kolmogorov-Smirnov test. Equal variance about the group mean was confirmed. Significance was evaluated by 1-way ANOVA or 2-way ANOVA as appropriate using the statistical program SigmaStat 3.1 and the Student-Newman-Keuls post hoc test. A P-value of <0.05 was considered significant.
RESULTS
Survival and Cardiac Function Are Reduced Post-MI in Mice Chronically Exposed to BPA To create a mouse model of chronic BPA exposure, we treated dams from gestation day 11.5 and their progeny until euthanasia with drinking water containing either Vehicle (VEH, 0.1% ethanol) or BPA (25 ng/ml). Based on an average daily consumption of 5 ml drinking water in adult C57bl/6n mice, we estimate that mice were exposed to $5 mg BPA/kg BW/day. This dose was chosen because it is within the range of human BPA exposures and is the temporary Tolerable Daily Intake dose of BPA suggested by the European Food Safety Authority.
To simulate a catastrophic MI, we permanently ligated the left anterior descending coronary artery about 2 mm distal of the left atrial appendage of 12-to 16-week-old male mice. Surgery was performed on $30 mice per treatment in a blinded fashion by the Surgical Core of the Lady Davis Institute. We found survival in the immediate post-MI period was reduced in mice exposed to BPA with $38% of the BPA-exposed mice were dead by day 4 post-MI (Fig. 1A) . Interestingly, survival at 3 weeks was similar at $60% in both VEH-and BPA-exposed mice suggesting that BPA-exposure compromised initial and not later remodeling activities. Although no cardiac rupture was detected in VEH mice at this early time period, mice exposed to BPA died of cardiac rupture as shown by the presence of blood in the thoracic cavity upon necropsy (Fig. 1A) . In some cases, a visible opening was present at necropsy and in coronal sections of the isolated heart (Fig. 1A ). These data suggest that chronic exposure to BPA reduced the ability to recover in the immediate post-MI period.
To determine whether cardiac dilation was enhanced and cardiac function was more impaired in BPA-exposed versus VEH mice post-MI, we performed echocardiography on day 3 post-MI in surviving mice (Fig. 1B) . Echocardiography analyses of EKV-gated acquisitions and long axis views revealed greater dilation in systole and diastole in BPA-exposed versus VEH mice post-MI. Further analyses revealed reduced ejection fraction and fractional area contracting in BPA-exposed versus VEH mice post-MI (Table 1) . Although stroke volume and cardiac output were reduced in BPA-exposed versus VEH mice post-MI, they did not reach significance. In other studies, we found no difference in baseline LV systolic function when VEH-and BPAexposed male mice of the identical age and treatments used here were compared (Patel et al., 2013) . We found VEH-and BPAexposed male mice had identical baseline fractional shortening (43.5 6 1.6 vs 43.6 6 2.9, respectively). Further, VEH-and BPAexposed mice at baseline have similar stroke volume (44.9 6 1.4 vs 40.0 6 2.2 ml, respectively), cardiac output (25.8 6 1.0 vs 22.9 6 1.4 ml/min, respectively), LV volume at systole (15.2 6 1.7 vs 13.4 6 1.4 ml, respectively), and LV volume at diastole (60.1 6 2.5 vs 53.0 6 3.1 ml, respectively) when M-mode-derived parameters were used in the calculations. Thus, whereas these parameters were similar in VEH-versus BPA-exposed mice at baseline, greater dilation and reduced LV function were present in BPA-versus VEH-exposed mice that survived an MI.
Increased cardiac dilation post-MI can be due to reductions in collagen either because of delayed synthesis of new collagen or excessive degradation of ECM by matrix metalloproteinases (MMP) (Gao et al., 2012; Myerburg and Junttila, 2012) . To measure collagen post-MI, we performed Picrosirius Red staining of heart sections from VEH-and BPA-exposed mice and examined the staining using bright field and polarized light microscopy ( Fig. 1C) . We found reduced Picrosirius Red staining in hearts sections from BPA-versus VEH-treated mice, suggesting reduced collagen protein in hearts from the BPA-exposed mice. To determine whether increased MMP activity was a factor in the reduced collagen content, we isolated protein homogenates from the infarct area of VEH and BPA-exposed mice. In gel zymography revealed increased MMP2 activity in homogenates from BPA-exposed versus VEH mice (Fig. 1D) . Immunoblotting of protein homogenates revealed increased expression of MMP2 protein and equivalent expression of the MMP inhibitor protein TIMP1 in BPA versus VEH exposed mice (Fig. 1E ). These data suggest increased MMP protein and MMP activity in the infarct area of BPA-exposed compared with VEH mice post-MI. To investigate a role for increased MMP activity in BPA-mediated cardiac dilation, we treated BPA-exposed mice during recovery post-MI with or without the pan-MMP inhibitor doxycycline (250 mg/ml). Echocardiography revealed reduced cardiac dilation as shown by the smaller LV internal area and LV internal volume as well as improved EF in the doxycycline-treated versus untreated Mice which died early displayed cardiac rupture characterized by blood in the chest cavity (top) which surrounded the heart (transparent overlay). After the heart was removed and rinsed free of blood, the ligation site (black arrow), infarct border (white arrows) and rupture site (black arrow head) were visible. When the heart was sliced coronally embedded in paraffin, sectioned and stained with H&E, the rupture site was visible (black arrow). (B) Cardiac function. Echocardiography was performed on isoflurane anesthetized mice, n ¼ 11-15/treatment on day 3 post-MI. The LV internal area and volume in systole and diastole were measured. Representative EKV-gated long axis view acquisitions are shown. White arrows indicate the LV wall and white arrows outlined in grey indicate the aorta. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH. (C) Collagen staining. Hearts, n ¼ 8/treatment were fixed, embedded in paraffin and sections stained with Picrosirius Red stain. Collagen is dark grey in bright field (top, black arrows) and fluorescent in polarized (bottom, white arrows) light. Representative sections are shown. The amount of red stained collagen was quantified using Image J software. Expression in the VEH samples was artificially designated as 1.0. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH. (D) MMP2 in gel zymography. Protein homogenates, n ¼ 3/treatment, of the ischemic area were prepared and in gel zymography performed. A representative gel is shown. The bar graph shows the combined results of 3 independent experiments. Gelatinolytic activity in the VEH samples was artificially designated as 1.0. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH. (E) MMP2 and TIMP1 expression. Protein homogenates, n ¼ 3/treatment, were prepared from the ischemic area and immunoblotted using anti-MMP2 or anti-TIMP1 antibodies. The membrane was stained with Coomassie (Coom) as a loading control. Representative blots are shown. The bar graph shows the combined results of 3 independent experiments. Expression in the VEH samples was artificially designated as 1.0. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH. (F) MMP2 activity inhibition in vivo. Mice exposed to BPA were treated or not with Doxycycline (DOX, 250 mg/ml) in the drinking water, n ¼ 3/treatment, during recovery post-MI. Echocardiography was performed on day 3 post-MI and the LV internal area and volume measured in systole and diastole. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with untreated BPA mice. BPA-exposed mice ( Fig. 1F and Table 1 ). Together, these data suggest increased collagen destruction leading to dilation is due to increased MMP activity in the infarct zone of BPA versus VEH mice post-MI.
MU Accumulation and Activity Are Increased by Chronic Exposure to BPA H&E staining indicated substantial inflammatory cell infiltration in the infarct area of both VEH-and BPA-exposed hearts post-MI. Neutrophils infiltrate the heart early post-MI and secrete MMPs (Yan et al., 2013) . To determine whether neutrophil infiltration was increased in BPA-exposed versus VEH mice post-MI, we performed IF using the neutrophil-specific antibody Ly6G ( Fig. 2A) . There was no detectable difference in staining when sections from VEH or BPA-exposed mice post-MI were compared. These data suggest that increased neutrophil accumulation likely did not contribute to greater cardiac dilatation or early death in BPA-exposed mice post-MI.
Monocytes and MU are targeted to the damaged myocardium somewhat later than neutrophils post-MI (Yan et al., 2013) . To establish whether monocyte infiltration was increased in BPA-exposed mice post-MI, we probed frozen heart sections with the monocyte-specific antibody MOMA. We found a 4-fold increase in anti-MOMA reactivity in sections from BPA-exposed versus VEH hearts (Fig. 2B) . Similarly, increased staining in BPA heart sections was detected using the activated-MU specific antibody F4/80 (Fig. 2C) . Immunoblotting of heart protein homogenates verified an increase in F4/80-specific protein in the BPA samples (Fig. 2D ). Monocytes and MU are attracted from the bone marrow to sites of inflammation by chemokines such as monocyte chemoattractant protein 1 (MCP-1) (Kolattukudy and Niu, 2012) . Immunoblotting revealed increased MCP-1 protein in homogenates from the ischemic area of BPA-exposed versus VEH mice (Fig. 2E) . Thus, our data suggest that the increased infiltration by activated MU may be a consequence of increased local chemokine present in BPA-exposed hearts post-MI.
Dead and dying cells in the ischemic area post-MI are removed by the infiltrating activated MU (Frantz and Nahrendorf, 2014) . Phagocytic activity is a hall mark feature of activated MU. To determine whether chronic or acute exposure to BPA would impact phagocytic activity, we isolated peritoneal MU from VEH and BPA-exposed mice and measured the uptake of fluorescent microspheres in vitro. We found increased uptake of fluorescent spheres in peritoneal MU isolated from BPA versus VEH mice (Fig. 2F) . Further, in vitro BPA exposure of MU from control mice increased sphere phagocytosis, although it did not add to the already increased phagocytic activity observed in MU from BPA-exposed mice (Fig. 2F ). These data suggest that increased phagocytic activity was present in peritoneal MU isolated from mice chronically exposed to BPA and was induced in MU isolated from VEH mice by acute BPA exposure.
MU progenitor cells in the bone marrow can be induced to differentiate into activated MU cells in vitro. To test whether BPA induces increased polarization to the M1 MU phenotype, bone marrow cells from VEH mice were isolated, cultured in M-CSF to induce monocyte development, and then differentiated to M1 MU by in vitro exposure to IFNc in the absence or presence of BPA. Increased RNA expression of the M1 MU polarization markers COX2 and iNOS was found when BPA was added to the IFNc containing media (Fig. 2G ). Increased MMP9 secretion is associated with activated inflammatory cells such as MU (Castro et al., 2011) . To establish whether increased secreted MMP activity would accompany increased BPA-induced polarization in vitro, we performed in gel zymography of the media from the MU cultures. We found increased secreted MMP2 and MMP9 activity when BPA was added in the absence of IFNc (Fig. 2H) . However, no additional increase in activity was found when BPA was added simultaneously with IFNc (Fig. 2H) . Increased MMP9 activity was present in in gel zymography analyses of post-MI heart homogenates from BPA-exposed versus VEH mice (Fig. 2I) . The combined data suggest that the increased MMP activity in the infarct area of BPA-exposed mice may be due to increased M1 MU polarization and increased secreted MMP activity from activated MU infiltrating the infarct zone.
Splenocytes are a source of infiltrating monocytes and MU cells post-MI (Swirski et al., 2009) . VEH-and BPA-exposed mice had similar spleen wet weight (87.6 6 4.2 vs 83.8 6 7 mg, respectively) and similar spleen weight indexed to body weight (3.07 6 0.17 vs 3.28 6 0.29 mg/g BW, respectively) after MI. This suggests no gross difference in spleen size between VEH-and BPA-exposed mice post-MI. To further explore whether BPAexposed mice would alter the cardiosplenic axis and to identify specific cell types within the post-MI spleen that might differ with BPA exposure, we isolated splenocytes from VEH-and BPA-exposed mice post-MI and performed flow cytometry using a myeloid-specific antibody panel. Monocytes were characterized as CD11b There was no difference in the percentage of live cells isolated from VEH versus BPA samples. We identified no change in the percentage of splenic monocytes, MU, dendritic cells, or granulocytes in VEH-versus BPA-exposed mice post-MI (Fig. 2J) . The trend toward an increase in CD11b þ Echocardiography was performed on the indicated numbers of surviving mice on day 3 post-MI. VisualSonic proprietary software was used to acquire EKV-gated long axis views in B-mode. Stroke volume (SV) is the difference between the LV volume in diastole and the LV volume in systole. Cardiac output (CO) is stroke volume multiplied by the heart rate. Fractional area contracting (FAC) is calculated as (LV area in diastole minus the LV area in systole) divided by the LV area in diastole. Ejection fraction is the LV volume in systole divided by the LV volume in diastole. A P-value of < 0.05 was considered significant and is indicated by an asterisk (*) in comparison with VEH and a cross (þ) when compared with BPA-exposed mice.
exposure had no impact on myeloid populations in the spleen post-MI.
Myofibroblast Accumulation in the Infarct Area Is Reduced in Mice Chronically Exposed to BPA After an MI, CFs in the heart differentiate into MF, primarily under the stimulation of TGFb (Shinde and Frangogiannis, 2014) . Expression of aSMA is a hallmark feature of successful differentiation from the CF to MF phenotype. In addition, MF cells express MMP2 and collagen I (ColI) to start repair. Immunohistochemical staining of heart sections revealed reduced staining for aSMA in the ischemic area of BPAexposed versus VEH mice post-MI (Fig. 3A) . To determine whether acute exposure to BPA would alter CF protein expression in vitro, we isolated CF cells from VEH mice. We cultured them in media containing BPA for 24 h and measured the expression of aSMA, ColI, MMP2, and TIMP1 proteins (Fig. 3B) . We found that short-term BPA exposure had no effect on aSMA, ColI, or MMP2 protein expression. TIMP1 protein expression was undetectable in any CF sample. Thus, acute short-term BPA exposure appeared to have no impact on the expression of MFassociated protein markers in vitro.
To determine the impact of chronic in vivo BPA exposure on the expression of aSMA, we isolated CFs from VEH-and BPAexposed hearts and cultured them in vitro. We found reduced aSMA expression in CFs isolated from mice chronically exposed to BPA (Fig. 3C) . To determine whether long-term in vitro exposure to BPA would reduce aSMA expression, a subset of the cells were cultured for 7 days in media supplemented with BPA. aSMA expression was reduced further by continuous culture in BPA-containing media in CFs isolated from VEH-and BPAexposed mice (Fig. 3C ). These data suggest that continued in vivo or long term in vitro BPA exposure reduces differentiation of CF to MF cells.
Myofibroblast cells secrete MMP2. When we measured secreted MMP2 gelatinolytic activity in CF culture media, we found increased MMP2 activity in media from CFs isolated from BPA-exposed versus VEH mice (Fig. 3D) . MMP2 activity was increased in VEH CF cells continually treated with BPA for 7 days. However, no further increase was found when CFs from BPA-exposed mice were continuously cultured in BPA-containing media. Thus, greater secreted gelatinolytic activity was found in CF cells with long term in vivo or in vitro exposure to BPA. We conclude that chronic in vivo exposure and long term (7 days), but not short term (24 h), in vitro exposure to BPA induced an altered CF characterized by reduced MF marker expression, yet excess secretion of MMP2 protein.
Chronic, but Not Acute, Exposure to BPA Reduced the Response of CF Cells to TGFb TGFb accumulates in the infarct where it is the major growth factor inducing the differentiation of resident CF to MF cells post-MI, induces expression of MF-associated proteins like aSMA and MMP2, as well as stimulates cell migration to and within the infarct (Leask, 2010) . To test whether acute exposure to BPA-reduced TGFb signaling in vitro, we isolated CFs from VEH mice and exposed them to TGFb 6 BPA. As expected, aSMA and MMP2 expression increased with TGFb addition (Fig. 4A) . Although there was a trend toward a reduction in aSMA expression with TGFb þ BPA treatment, the level did not reach significance. Concomitant BPA addition had no impact on TGFbstimulated MMP2 expression. TGFb receptor signaling can be inhibited by the addition of the TGFbRI/II receptor kinase inhibitor Ly364947. As predicted, we found TGFb-induced increases in aSMA and MMP2 expression were reduced by Ly364947 (Fig. 4A) . However, acute BPA addition did not alter the expression of either protein when TGFb signaling was maximally inhibited by Ly364947. To determine whether concomitant BPA would impact TGFb-induced cell migration, we performed a scratch assay. We found cotreatment with BPA-reduced TGFb-stimulated migration (Fig. 4B ). This inhibition was maintained when Ly364947 was added. Thus, acute in vitro BPA exposure of CFs isolated from VEH mice did not alter TGFb-stimulation of aSMA or MMP2 expression and did not alter BPA-mediated reductions in migration.
To determine whether TGFb signaling was altered in CFs isolated from mice chronically exposed to BPA, we isolated CFs cells from VEH-and BPA-exposed mice and added exogenous TGFb to the media. As expected, TGFb addition increased aSMA staining in CFs isolated from VEH mice (Fig. 4C) . However, TGFb addition did not increase aSMA expression in CFs isolated from BPA-exposed mice. Similarly, MMP2 expression was increased A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH.
by TGFb addition to CFs isolated from VEH mice and not BPAexposed mice (Fig. 4D ). The addition of BPA had no impact on TGFb-stimulated MMP2 expression in CFs isolated from VEH-or BPA-exposed mice. In contrast, ColI expression was similar in
CFs isolated from VEH-and BPA-exposed mice and was unaffected by TGFb, BPA, or TGFbRI/II receptor kinase inhibition (Fig. 4E) . Thus, CFs isolated from mice chronically exposed to BPA in vivo had a reduced response to the addition of exogenous 24 well dishes. When $70% confluent a scratch was made in the monolayer, the well washed and the media was changed to phenol-red free media containing 10% charcoal stripped serum and TGFb (0.5 ng/ml), BPA (1 Â 10 À10 M), or Ly364947 (20 mM) were added. Twenty-four hours later the media was removed and the cells fixed and stained. Photographs were taken using Image Capture software and the cell-free area quantified using Image J software. The cell-free area in TGFb-treated cells was considered to be 100% migration. Shown are the results of 2 independent experiments. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with TGFb-alone addition. (C) aSMA immunofluorescence (IF). CFs were isolated from VEH and BPA exposed mice, n ¼ 3/treatment. When near confluent the cells were replated on 24 well dishes containing glass cover slips. Twenty-four hours later the media was changed to phenol-red-free media and 1% charcoal stripped serum and control (CTL, DMSO) or TGFb peptide (0.5 ng/ml) added. The cells were washed, fixed, and IF using anti-aSMA antibody performed. Nuclei were stained with DAPI. Photographs were taken using Image Capture software and specific staining quantified using Image J software. Representative photographs are
shown. The bar graph represents the combined result of 5 independent experiments. Expression in control treated cover slips was considered to be 1.0. A P-value of < 0.05 was considered significant and is indicated by an asterisk in comparison with control treated cells. (D, E) MMP2 and ColI expression. CFs were isolated from VEH-or BPA-exposed mice, n ¼ 3/treatment/experiment. The cells were re-plated in 6-well dishes and 48 h later control (CTL, DMSO), TGFb (0.5 ng/ml), BPA (1 Â 10 À10 M), or Ly364947 (20 mM) were added as indicated in phenol-free media containing 1% charcoal stripped serum. Cell lysates were prepared 24 h later and immunoblotting performed using anti-MMP2 (D) and anti-ColI (E) antisera. The membrane was stained with Coomassie (Coom) as a loading control. Shown are representative blots. The bar graphs show the combined results from 3 independent experiments. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison CTL addition. (F) SMAD2/3 nuclear localization. Cells were prepared as above. TGFb (0.5 ng/ml) and BPA (1 Â 10 À10 M) were added as indicated in phenolfree media containing 1% charcoal stripped serum. The cells were fixed 24 h later and IF performed using anti-SMAD2/3 antibody. Nuclei were stained with DAPI.
Representative photographs are shown from 1 of 2 independent experiments.
TGFb in vitro, showed no increase in aSMA or MMP2 expression, yet maintained ColI expression. TGFb alters expression via 2 main signaling pathways; the canonical pathway that depends on SMAD2/3 transportation to the nuclei to stimulate transcription or the noncanonical pathway that signals through TGFbRI/II receptor kinase/TAK1/ p38MAPK (Leask, 2010) . To determine whether CFs isolated from mice chronically exposed to BPA had reduced TGFb-induction of aSMA expression by ablation of the canonical pathway, we determined the subcellular localization of SMAD2 after TGFb addition. We found no difference in the nuclear localization of SMAD2 in TGFb-treated cells isolated from VEH-or BPA-exposed mice (Fig. 4F) . Further, the addition of BPA to the culture media had no impact on SMAD2 nuclear localization. Thus, chronic BPA exposure in vivo did not alter TGFb-stimulated SMAD2 nuclear localization suggesting that BPA's repression of TGFb signaling more likely did not involve alteration of the canonical pathway.
Chronic BPA Exposure Negatively Impacts Expression and Mobility of Post-MI CF Cells
To characterize the impact of chronic BPA exposure on CF within the damaged heart, we isolated CFs after an MI from VEH-and BPA-exposed mice. Consistent with the increase in MMP activity found in homogenates from whole heart (Figs 1D and 2I), and in CFs after acute BPA exposure (Fig. 3D) , secreted MMP2 activity was greater in media of post-MI CFs isolated from BPA-exposed versus VEH mice (Fig. 5A) . When BPA was added in vitro to the post-MI CF cells, secreted MMP2 activity was increased in VEH cells, whereas no increase was found in cells from BPA-exposed mice. Thus, acute and chronic exposure to BPA increased secreted MMP2 activity in post-MI CFs.
To establish whether the increase in secreted MMP activity was due to increased MMP2 expression, we measured MMP2 protein and examined the response to TGFb and BPA. Surprisingly, we found reduced expression of MMP2 protein in post-MI CFs isolated from BPA versus VEH mice (Fig. 5B) . Further, when the response to TGFb-alone was compared, we could not detect an increase in MMP2 protein expression in post-MI CFs from VEH-or BPA-exposed mice (Fig. 5B) , and concurrent BPA addition did not change MMP2 expression (Fig. 5B) . MMP2 expression was reduced in post-MI CFs from VEH-and BPA-exposed mice when the TGFbRI/II receptor kinase inhibitor Ly364947 was added suggesting intact TGFb signaling. Thus, post-MI CFs from BPA-exposed mice had reduced MMP2 protein expression and post-MI CFs from VEH-and BPA-exposed mice were unresponsive to exogenous TGFb-stimulation in vitro.
Reduced aSMA staining was found in post-MI heart sections ( Fig. 3A) and after TGFb addition to CFs isolated from BPAexposed mice (Fig. 4A) . Analogous to the reduced MMP2 protein expression, we found reduced aSMA in post-MI CFs from BPAexposed mice, no response to TGFb addition, and no change when the cells were treated simultaneously with BPA and TGFb (Fig. 5C ). Picrosirius staining revealed reduced collagen deposition in BPA-exposed versus VEH hearts post-MI (Fig. 1C) . Similarly, we found reduced ColI expression in post-MI CF cells isolated from BPA versus VEH mice (Fig. 5D ). There was a limited increase in ColI expression with TGFb addition and some reduction with simultaneous BPA in post-MI CFs isolated from VEH-and BPA-exposed mice. Post-MI CFs must migrate to the damaged area to begin repair. We found post-MI CFs isolated from the BPA-exposed mice had a reduced ability to migrate and close a wound when stimulated by TGFb (Fig. 5E) . The addition of BPA to the TGFb-containing media reduced migration further. Thus, post-MI CFs isolated from BPA-exposed mice had reduced expression of aSMA and ColI, and TGFb addition did not substantially increase expression of either protein. Overall, these data suggest that post-MI CFs isolated from BPA-exposed mice are unlike those from VEH mice and display a pattern of expression (reduced aSMA, MMP2, and ColI expression and reduced mobility, yet increased secreted MMP2 activity) that would be expected to reduce successful remodeling post-MI.
The Impact of Estrogen Receptor Antagonists on BPA-Induced Changes in Expression Is Gene and Context Dependent The effect of acute exposure to BPA on the expression of calcium handling proteins in rat heart preparations was ablated when ERb signaling was antagonized (Yan et al., 2011 ). Thus, we tested whether ERb signaling was required for the BPA-mediated effects on CFs. There was a trend toward reduced aSMA when VEH CFs were treated with TGFb þ BPA versus TGFb-alone (Fig. 4A) . To test whether the reductions in aSMA expression could be relieved by estrogen receptor a (Era) or ERb antagonism, we isolated CFs from VEH-and BPA-exposed mice, treated them with TGFb þ BPA and added simultaneously either the ERa antagonist MPP or the ERb antagonist PHTPP. We found no change in the expression of aSMA or ColI despite 100-fold excess of the antagonists compared with the BPA concentration (Figs. 6A and B) . Thus, reductions in ER signaling did not ablate TGFb þ BPA-mediated reductions in aSMA expression.
MMP2 expression was reduced in post-MI CFs isolated from BPA-exposed versus VEH mice and there was no increase in MMP2 expression with TGFb addition (Fig. 5B) . To determine whether BPA:ER signaling reduced MMP2 expression, we added PHTPP to TGFb þ BPA treated cells. Contrary to our expectations, we found MMP2 expression was reduced when PHTPP was added to the TGFb þ BPA containing media in post-MI CFs from VEH-and BPA-exposed mice (Fig. 6C ). This suggests that ERb signaling was necessary to maintain MMP2 expression under TGFb þ BPA stimulation.
To determine whether BPA:ER signaling would also reduce secreted MMP2 activity, we performed in gel zymography of the conditioned media (Fig. 6D) . As expected, we found increased secreted MMP2 activity in the media of post-MI CFs from the BPA-exposed versus VEH mice after TGFb addition which was increased when BPA was added. The addition of PHTPP did not alter the amount of secreted MMP2 activity of post-MI CFs isolated from VEH mice suggesting no impact for ER signaling. However, PHTPP addition reduced secreted MMP2 activity in post-MI CFs from BPA-exposed mice. TIMP1 protein was undetectable in any sample suggesting relatively unopposed MMP activity. Thus, greater secreted MMP2 activity was found in post-MI CF cells isolated from BPA-exposed versus VEH mice despite lower MMP2 protein expression. The data also suggest that ERb signaling contributes to the TGFb þ BPA-mediated increases in secreted MMP2 activity in CFs from BPA-exposed mice.
Within the heart, CF cells migrate to the injured area. We performed a scratch assay on CFs isolated from VEH mice to determine whether acute BPA exposure altered this migratory capacity (Fig. 6E) . We found reduced ability to close the scratch wound in CFs acutely exposed to BPA. Further, we found this inhibition was relieved with concomitant addition of 100-fold excess ERa antagonist MPP, but no ablation with 100-fold excess PHTPP (Fig. 6E) . These data suggest that the BPA-mediated reduction in migration was via ERa signaling. BPA reduced TGFb-stimulated cell migration (Fig. 5E ). To test whether TGFb þ BPA-mediated reduction in migration were ER dependent, we added MPP and PHTPP antagonist to the TGFb þ BPA-treated cultures (Fig. 6F) . We found migration was restored to normal levels when ERa or ERb antagonists were added. Thus, although BPA reduced migration whether alone or in concert with TGFb, the signaling mechanism responsible for the reduction appears to be context dependent.
DISCUSSION
Epidemiological analyses have linked greater atherosclerosis and a consequence of atherosclerosis plaque rupture, MI, to greater BPA exposure (Gao and Wang, 2014; . However, epidemiological analyses have a limited ability to ascribe cause and no ability to determine mechanism. Our study is significant because it uses chronic oral exposure and cell culture exposure to BPA at doses that are considered 'low dose' and a clinically relevant cardiovascular insult, MI. Overall, our data are consistent with a model that ascribes BPA's adverse impact on remodeling post-MI to BPA-mediated increases in inflammation and reductions in MF-mediated repair (Fig. 7) .
BPA Exposure Reduces Survival and Cardiac Function Post-MI Death early after an MI can be due to cardiac rupture, mechanical failure due to LV dysfunction or arrhythmia. Increased BPA exposure may promote the likelihood of all 3 complications. We found almost 40% of the chronically BPA-exposed mice died of cardiac rupture early after the MI. The surviving mice had greater dilation suggesting adverse LV geometric remodeling and reduced fractional shortening suggesting LV dysfunction. In other studies, acute BPA exposure induced arrhythmia. BPA exposure in isolated rat heart preparations increased arrhythmia following an ischemic-reperfusion injury (Yan et al., 2011) . Similarly, optical mapping of ex vivo heart preparations showed that acute BPA exposure prolonged the PR segment and at high doses (micromolar) the atrium failed to propagate impulses to the ventricle resulting in dropped heart beats .
Chronic BPA Exposure Led to Greater Inflammation Post-MI Our study shows greater MU infiltration post-MI in BPA-exposed versus VEH hearts. MU infiltration into the infarct is necessary to remove dead cells and ECM debris, but excessive MU Shown are representative blots. The bar graphs show the combined results from 3 independent experiments. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with VEH. (E) Migration. Post-MI CFs were isolated from VEH and BPA exposed mice. When near confluent the cells were replated in triplicate on 24-well dishes. When $70% confluent a scratch was made in the monolayer, the well washed and the media was changed to phenol-red free media containing 10% charcoal stripped serum and TGFb (0.5 ng/ml) and BPA (1 Â 10 À10 M) added as indicated. Twenty-four hours later the media was removed and the cells fixed and stained. Photographs were taken using Image Capture software and the cell-free area quantified using Image J software. The cell-free area in TGFb-treated cells isolated from VEH mice was considered to be 100% migration. Representative blots are shown. The bar graphs show the combined results from 2 independent experiments. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with TGFb-alone addition of VEH samples.
infiltration reduces healing (Gao et al., 2012; Myerburg and Junttila, 2012) . Thus, the greater increase in activated F4/80 þ MU cells in BPA-exposed mice likely contributes to their increased cardiac rupture and adverse remodeling post-MI. MU that enter the infarct in BPA-exposed mice are likely highly inflammatory. Culture in BPA containing medium induced a more inflammatory MU with greater polarization to the proinflammatory M1 MU phenotype, release of secreted MMP gelatinolytic activity and phagocytic activity. Similarly, nanomolar BPA increased the release of proinflammatory cytokines in THP-1 MU and human monocytes (Liu et al., 2014) . In contrast, other in vitro studies found that BPA reduced MU function (Byun et al., 2005; Pyo et al., 2007; Segura et al., 1999) . The use of micromolar amounts of BPA or only short-term exposure to mg/kg/day doses of BPA in these earlier studies complicates direct comparisons, but the accumulated data suggest that BPA exposure can promote inflammation.
BPA exposure promotes greater release of MMP2 and MMP9, which likely promote early death and cardiac dilation because of undue early degradation of the ECM. MMP9 secretion is primarily attributed to proinflammatory MU suggesting a link between the increased accumulation of F4/80 þ MU and the increased MMP9 activity in the BPA-exposed mice. The increased MMP2 activity in the BPA-exposed mice may be due to increased secretion from CF cells. Increased MMP activity is linked to greater dilatation and death post-MI (Gao et al., 2012; Myerburg and Junttila, 2012) and reductions in MMP protein or activity improved survival post-MI (Castro et al., 2011) . The finding that cardiac dilation was reduced when the BPA-exposed mice were treated with the pan-MMP inhibitor doxycycline in the recovery period supports the idea that increased MMP activity contributed to their greater cardiac dilation. The increase in activated F4/80 þ M1 MU cells in the BPAexposed hearts may be in response to increased MCP-1 in the infarct in BPA-exposed versus VEH mice. MCP-1 induces MU migration from the bone marrow to the infarct post-MI (Swirski et al., 2009) . The increase in MCP-1 suggests increased chemokine presence in the infarct of BPA-exposed mice and thus increased promotion for MU migration to the infarct from the bone marrow. Using models of inflammatory bowel disease, allergic lung inflammation, or challenge by influenza virus no differences in outcome, MCP-1 level, or leukocyte infiltration were found when mice developmentally exposed to BPA were compared with unexposed mice (Bauer et al., 2012; Roy et al., 2012a, b) . Thus, whereas developmental BPA exposure did not impact the capacity to respond appropriately to inflammation, and is indicated by an asterisk in comparison with TGFb-alone addition. (E, F) Migration. CFs were isolated from the hearts of VEH mice, n ¼ 3/experiment. When near confluent the cells were replated in triplicate on 24 well dishes. When $70% confluent a scratch was made in the monolayer, the well washed, and the media was changed to phenol-red free media containing 10% charcoal stripped serum and BPA (1 Â 10 À10 M), TGFb (0.5 ng/ml), MPP (1 Â 10 À8 M), or PHTPP (1 Â 10 À8 M) added as indicated. Twenty-four hours later the media was removed and the cells fixed and stained. Photographs were taken using Image Capture software and the cell-free area quantified using Image J software. The cell-free area in untreated cells (E) or TGFb-alone (F) was considered to be 100% migration. A P-value of <0.05 was considered significant and is indicated by an asterisk in comparison with untreated samples. Shown are the results of 2 independent experiments.
we found chronic exposure resulted in an exaggerated and proinflammatory response.
Chronic BPA Exposure Reduces CF-Mediated Repair CFs isolated from mice chronically exposed to BPA were dissimilar to those isolated from VEH mice and unlikely to contribute productively to successful remodeling post-MI. To institute repair, resident CFs in the heart must differentiate into MF, primarily under the stimulation of TGFb and migrate to the site of injury to start repair (Shinde and Frangogiannis, 2014) . The BPAmediated defects in MF differentiation, reduced migration, and increases in MMP secretion are consistent with reduced repair. Our data suggest that chronic BPA exposure of CFs, whether in vivo or in vitro, limits the development of the CF and reduces the conversion of the CF to fully functional MFs. Reduced expression of the MF marker aSMA and reduced expression of the MF-associated proteins MMP2 and ColI was found in vitro when CFs isolated from VEH mice were exposed to BPA for an extended period of time and in CFs isolated from BPA-exposed mice. Although the mechanism is unclear, chronic BPA exposure in vivo reduced the response of isolated CFs to exogenous TGFb in vitro. This suggests that a reduced response to the TGFb released from the ECM after an MI or other cardiac damage might also be present in vivo. Other studies showed increased dilation and reduced survival in mice when TGFb activity was reduced early after an MI (Frantz et al., 2008) . These BPA-associated reductions in CF to MF differentiation likely contribute to the increased death post-MI in the BPA-exposed mice.
BPA consistently reduced CF migration and increased secreted MMP2. A reduced ability to migrate to the infarct would contribute to the reduced aSMA-positive CFs cells in the BPAexposed mice. In other work using human ovarian and lung cancer cell lines, estrogen and BPA increased cell migration, and this was linked to increased MMP2 activity (Ptak et al., 2014; Zhang et al., 2014) . Thus, whereas an increase in MMP activity is a consistent finding correlating with in vivo and in vitro BPA exposure, BPA-mediated increases in migration may be celltype restricted. The reduced collagen in hearts of BPA-exposed mice post-MI may be a consequence of increased degradation by MMP9 released by MU, increased MMP2 released by CFs, but also to reduced ColI from CFs. The BPA-mediated increases in MMP activity and reductions in ColI expression would be expected to lead to greater ECM degradation, cardiac dilation, and an unstable ventricle wall.
Mechanism for BPA-Mediated Effects Is Multifactorial
The mechanism of BPA-mediated increases in inflammation and reductions on CF differentiation and repair activities post-MI are likely sex-specific and depend on its interaction with multiple receptors. BPA activates ERa and ERb (Li et al., 2013) . A mechanism for BPA actions on MU polarization or activities is unexplored although monocytes and MU express functional ERs (Cunningham and Gilkeson, 2011) . Recent studies linking increased BPA exposure with increased asthma Petzold et al., 2014) and increased food intolerance (Menard et al., 2014) support the idea that chronic BPA exposure may promote a hyperimmune response (Bergman et al., 2013) . It is unclear if this activity is ER dependent. ER activation can be both antiinflammatory and proinflammatory (Chighizola and Meroni, 2012) , suggesting that the consequences of ER activation are context dependent.
Sex and context influence the impact of ER antagonists on BPA-induced changes. In isolated rat heart preparations, ERb antagonists ablated BPA-mediated changes in arrhythmia promotion and calcium homeostasis only in hearts isolated from females (Gao and Wang, 2014) . Although a high BPA dose was examined $480 mg BPA/kg/day, sex-specific changes in the expression of several hundred cardiac genes were identified as a consequence of chronic BPA exposure in unstressed CD-1 mice (Belcher et al., 2015) . Important to this study, gene ontology terms related to ECM and collagen were identified as specifically enhanced in the male-specific gene set. Our study used male C57bl/6n mice and CFs isolated from males exclusively. Together, the data suggest that BPA exposure in males disrupts the control of ECM and collagen normally at baseline, and in times of cardiac stress and remodeling. The sex-specific impact of BPA may be because although BPA binds ERa and ERb, it also binds other receptors, such as the androgen receptor (Vandenberg et al., 2013) . BPA may also interact with nonreceptor proteins. An in silico bioinformatic search for BPA partner proteins identified 271 putative BPA-binding proteins (MontesGrajales and Olivero-Verbel, 2013) . Potentially important to this study, TGFb1, MMP8, MMP13, and TIMP3 proteins were identified as having some affinity for BPA. These activities show the potential for BPA to alter nonreceptor activities as well as multiple signaling pathways. In the absence of TGFb, BPA-mediated repression of CF migration was ERa-and not ERb-dependent. However, when coupled with TGFb, both ERa and ERb antagonists effectively relieved the repression. Thus, the presence of TGFb altered the mechanism of BPA-meditated repression. Similarly, secretion of MMP2 was independent of ERb in CFs isolated from VEH-exposed mice, but was ERb-dependent in CFs isolated from BPA-exposed mice. These data suggest that the duration of exposure to BPA impacted the mechanism of BPAmediated action.
Relevance to Human Exposure
The post-MI recovery period may be a time of higher exposure and increased susceptibility to the negative impact of BPA. Most deaths occur in the first days and weeks post-MI. BPA is used in the manufacture of plastics components of many medical devices (Duty et al., 2013) and increased BPA exposure was found in neonates in the Neonatal Intensive Care Unit (Calafat et al., 2009; Duty et al., 2013) . It is unclear if BPA also leaches from the medical devices in the adult ICU.
Limitations
Because BPA responses are nonmonotonic, our study cannot predict the impact of BPA at lower doses. Survival and rupture post-MI are mouse strain dependent therefore we cannot extrapolate these results to other mouse strains. In addition, our studies cannot predict the response in female mice.
SUPPLEMENTARY DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/.
FUNDING
Canadian Institute for Health Research (to L.E.C. and K.K.M.), and the Heart and Stroke Foundation of Quebec (to L.E.C.).
